We report on the successful spin injection from EuS/Co multilayers into (100) GaAs at low temperatures. The spin injection was verified by means of polarized electroluminescence (EL) emitted from AlGaAs/GaAs-based spin-light-emitting diodes in zero external magnetic field. Spin-polarized electrons were injected from prototype EuS/Co spin injector multilayers. The use of semiconducting and ferromagnetic EuS circumvents the impedance mismatch. The EL was measured in side emission with and without an external magnetic field. A circular polarization of 5% at 8 K and 0 T was observed. In view of the rather rough interface between the GaAs substrate and first EuS layer, improvement of the interface quality is expected to considerably enhance the injected electron spin polarization.
I. INTRODUCTION
A MAJOR working field in spintronics covers efficient spin injection and transport in spintronic devices [1] - [6] . Usually, spin injection means the injection of spin-polarized electrons from an injector site (usually a ferromagnetic metal) into a semiconductor (Si or GaAs). The straightforward approach of growing a magnetic layer on top of a semiconductor yields only an insignificantly small degree of spin polarization in the injected current [7] , [8] . The reason for this was found in the mismatch of conductivities between metals and semiconductors which differ by a few orders of magnitude [9] , [10] . This so-called impedance mismatch prevents spin injection for directly connected devices. Rashba [11] proposed tunnel contacts as a means to circumvent this problem. This has indeed proven to be a successful means of efficiently injecting spin-polarized electrons into semiconductors [12] - [16] .
Instead of using ferromagnetic metals as an injection source, ferromagnetic semiconductors like EuS might also present suitable candidates for spintronic devices. Using a semiconductor would considerably reduce the impedance mismatch.
EuS is an intrinsic ferromagnetic semiconductor with a bandgap of 1.6 eV, a magnetic moment of 7 µ B , and a Curie temperature (T C ) of 16.5 K [17] . This is a considerable drawback for this material as it would otherwise be an ideal candidate for creating spin-polarized currents. The energy splitting in the conduction band is about 0.36 eV below T C [18] . This makes EuS in its ferromagnetic state a good candidate for efficient spin filtering [19] - [22] . Recent experiments have shown that the EuS bandgap can be tuned using quantum confinement effects which could simplify the use of EuS-based devices together with other semiconductors [23] . In addition, it was found that its Curie temperature could be raised considerably by embedding EuS nanoparticles in a Co matrix [24] and even further when using multilayers of thin EuS sandwiched between Co or Ni. Element-specific X-ray circular magnetic dichroism measurements have confirmed that EuS/Co and EuS/Ni multilayers still show a spin-polarized Eu signal at room temperature (RT) [25] - [27] . The effect is larger when using Co compared to Ni but comes at the cost of more interfacial roughness between EuS and Co compared to EuS and Ni. In such multilayer systems, EuS couples antiferromagnetically to Co or Ni, which leads to an increase in the ordering temperature of EuS. The enhancement of the EuS ordering temperature is attributed to a "magnetic proximity effect." An explanation of the effect can be found in [28] .
The idea of this paper is to use commercial spin-LED substrates to grow one or more bilayers of EuS/Co on top. The degree of optically measured circular polarization, P c , is connected to the degree of spin polarization in the injection site, P el , by the simple formula
where I + and I − are the intensities of right and left circularly polarized light, while n ↑ and n ↓ are the densities of spin-up and spin-down electrons, respectively. This formula is valid for bulk semiconductor LEDs without quantum wells, where the degeneracy between light and heavy holes is not lifted. In LEDs using narrow quantum wells, the easy axis of the angular momentum of the heavy holes is perpendicular to the sample surface and the energetic degeneracy of light and heavy holes is lifted [29] , yielding P c = P el . Thus, by applying a magnetic field perpendicular to the surface, the magnetic and quantization axes coincide and are used in surface emitting LED experiments. The drawback of surface emitting experiments is the need for large external magnetic fields in order to saturate the sample magnetization, which is usually confined in the sample plane due to its anisotropy. Hence, measuring in remanence requires the use of magnetic systems with perpendicular magnetic anisotropy [30] , [31] . In addition, light emitted parallel to the sample surface, i.e., from the sample side (side emission) does not show any polarized electroluminescence (EL) [32] .
However, increasing the size of the quantum wells enables observation of EL in side emission [33] . The easy axis of magnetization in EuS/Co and EuS/Ni systems is known to be located in the sample plane [34] . Thus, measuring the degree of circular polarization of the emitted EL of such a system would enable one to further study EuS/Co systems and would give insights on the degree of electron spin polarization on the injector site and thus the EuS/Co interface. The main objective using this system is to achieve efficient spin injection at RT.
II. EXPERIMENTAL DETAILS
High-quality p-GaAs (001) custom LED [35] wafers were used as substrates. Their structure is: n-GaAs (15 nm, Si: 5 × 10 18 cm −3 )/n-Al 0.3 Ga 0.7 As (500 nm, Si: 10 17 cm −3 )/ i-Al 0.3 Ga 0.7 As (15 nm)/p-GaAs (500 nm, C: 10 18 cm −3 )/ p-Al 0.3 Ga 0.7 As (500 nm, C: 10 18 cm −3 )/p-GaAs (500 nm, C: 10 18 cm −3 )/p-GaAs (600 µm and Zn: 1.3-2.0 × 10 19 cm −3 ). A thick Arsenic capping layer of about 1 µm was used for passivation, which was later removed by heating [36] . The substrates were cleaved into 1 × 1 cm 2 pieces and put into a Balzers UMS 630 evaporation chamber, where the additional EuS/Co was evaporated by electron beam evaporation (e-beam) from tungsten crucibles. E-beam evaporation is suitable for materials with very high melting points, such as EuS (>2200°C). EuS powder and Co pellets were used as target materials. The base pressure of the chamber was 10 −8 mbar. Before deposition, the arsenic capping layer was removed by indirectly heating the samples to 450°C for 2 h with an inbuilt heating device. Afterward, the temperature was lowered to 100-150°C for deposition. Two samples, A and B, were prepared with their details given in Table I .
In order to evaporate the gold capping layer as an electric contact, the samples had to be taken out of the vacuum chamber. However, this does not harm the magnetic properties as EuS is very stable against oxidation and acts itself as a protection layer for the underlying Co.
The samples were then cleaved into smaller pieces (1×1 mm 2 ) along their (110) direction and contacted between a copper block and a copper finger on a custom-built sample holder for electrical connection. The sample holder was placed Fig. 1 . PL spectrum of sample B at RT. A 4 mW He-Ne laser was used to excite the sample. Due to a low signal-to-noise ratio, the data were smoothed (red curve). The peak intensity found at 872 nm corresponds well to the GaAs bandgap.
inside a cryostat (Suzuki Shokan 4K GM) with the (110) edge facing the window of the cryostat. A superconducting magnet with a maximum magnetic field of 2 T was used to magnetize the sample along its (110) direction, i.e., parallel to the magnetic moment of the sample. To verify that the GaAs was not damaged during the sample fabrication, photoluminescence (PL) measurements were carried out by exciting the sample side edge with a 4 mW He-Ne laser. The emitted light was observed by a CCD camera. Fig. 1 shows the observed PL for sample B.
The EL was observed with the same CCD camera while applying a voltage in forward bias. The light was guided through a set of lenses, a quarter-wave plate and a polarizer (Glan-Thompson), and detected by a photomultiplier tube (PMT). The signal was measured using a lock-in technique for which a mechanical chopper was placed in front of the PMT.
III. EXPERIMENTAL RESULTS
All samples were tested for EL at low temperature (8 K) and prior to each measurement, their I -V curves were recorded. Some I -V curves showed leak currents, whereas others showed typical LED current-voltage characteristics. Most of the EL measurements show a very low signal-to-noise ratio. The results of sample A (not shown here) do not show conclusive results as to a clear circular polarization at low temperatures (or RT). Sample B, however, shows a clear degree of circular polarization at 8 K shown in Fig. 2 .
The observed degree of circular polarization amounts to P C = −5% and +5% for the remanent state after initially applying a positive magnetic field of +1 T and a negative magnetic field of −1 T, respectively.
The observed change of sign of P c for both remanent states indicates that the observed degree of polarization is indeed due to the spin-polarized current from the injection side and not due to artifacts.
However, the size of P c is rather low. Given that all of the EuS should be ferromagnetic at 8 K, a higher degree of spinpolarized current injection could be expected.
The polarization of the injected electron current calculated by P el = 2 × P c is 10% for sample B. This value corresponds to the still measurable P c recorded in the active layer of the LED. Estimating a typical spin decay length of 1 µm in GaAs [37] , [38] at 5 K and considering an average distance traveled by the electrons of 750 nm until the center of the active region in our LEDs, one would lose about e 0.75 ∼ 50% of the initially injected spin polarization at the EuS/LED interface, giving P c,initial = 20%.
In addition, EL measurements were performed in remanence at RT. Because the use of the superconducting magnet was restricted to low temperatures, no magnetic field could be applied at this temperature. The remanent state was obtained at low temperature by applying a negative magnetic field of −1 T. Then, it was switched off and the temperature was increased to RT. The observed intensity of the emitted EL at RT was less compared to the low-temperature measurement and the data only indicate a difference between right circularly polarized light and left circularly polarized light at RT. Therefore, the data are not shown here but are available as supplementary material at http://ieeexplore.ieee.org. Further measurements at RT will be carried out to get a conclusive result.
The quality of the wafer/sample interface was investigated by means of cross-sectional transmission electron microscopy. The results of sample B are shown in Fig. 3 , where the EuS/Co and the thick Au capping layers are indicated. The surface of the substrate shows considerable roughness and defected areas indicated by white arrows. In addition, some parts of the surface are oxidized, as implied by the fainter contrast band between GaAs and EuS/Co in Fig. 3 and derived by energy dispersive X-ray spectroscopy measurements in the TEM, too. Sample A showed a similar substrate/sample interface as sample B. The reason for these defects is still under investigation but is most likely connected to the wafer processing steps during sample preparation.
The fact that the interface quality of the samples is poor is not discouraging but rather encouraging from an application point of view: Generally, the spin injection efficiency will strongly depend on the quality of the interface and will be lower for rough interfaces [39] , [40] . For our samples, we find a value of P C = 5% which is comparable to the values given in [31] , [41] , and [42] . The fact that in our samples spins injected through a rough interface still lead to a measurable circular polarization encourage further investigations of EuS-based layers as spin-injection sources. An improvement of the interface quality is expected to lead to a considerable increase in injection efficiency.
IV. CONCLUSION
In summary, EL measurements were conducted at low temperature and RT in side-wall emission. Spins were injected from EuS/Co layers into GaAs-based LEDs yielding a degree of circular polarization of 5% at 8 K at zero external magnetic field. At low temperature, we could show that the sign of P c reverses when the initial magnetic field was reversed while the EL intensity at RT was inconclusive and further measurements are needed to get a conclusive result. The interface quality of the substrate sample interface is far from perfect and future work will focus on improving the interface quality and should result in an enhanced injection efficiency.
